The design of an integrated radiotherapy imaging system (IRIS), consisting of gantry mounted diagnostic (kV) x-ray tubes and fast read-out flat-panel amorphous-silicon detectors, has been studied. The system is meant to be capable of three main functions: radiographs for three-dimensional (3D) patient set-up, cone-beam CT and real-time tumour/marker tracking. The goal of the current study is to determine whether one source/panel pair is sufficient for real-time tumour/marker tracking and, if two are needed, the optimal position of each relative to other components and the isocentre. A single gantry-mounted source/imager pair is certainly capable of the first two of the three functions listed above and may also be useful for the third, if combined with prior knowledge of the target's trajectory. This would be necessary because only motion in two dimensions is visible with a single imager/source system. However, with previously collected information about the trajectory, the third coordinate may be derived from the other two with sufficient accuracy to facilitate tracking. This deduction of the third coordinate can only be made if the 3D tumour/marker trajectory is consistent from fraction to fraction. The feasibility of tumour tracking with one source/imager pair has been theoretically examined here using measured lung marker trajectory data for seven patients from multiple treatment fractions. The patients' selection criteria include minimum mean amplitudes of the tumour motions greater than 1 cm peak-to-peak. The marker trajectory for each patient was modelled using the first fraction data. Then for the rest of the data, marker positions were derived from the imager projections at various gantry angles and compared with the measured tumour positions. Our results show that, due to the three dimensionality and irregular trajectory characteristics of tumour motion, on a fraction-to-fraction basis, a 'monoscopic' system (single source/imager) is inadequate for consistent real-time tumour tracking, even with prior knowledge. We found that, among the seven patients studied with peak-to-peak marker motion greater than 1 cm, five cases have mean localization errors greater than 2 mm and two have mean errors greater than 3 mm. Because of this uncertainty associated with a monoscopic system, two source/imager pairs are necessary for robust 3D target localization. Dual orthogonal x-ray source/imager pairs mounted on the linac gantry are chosen for the IRIS. We further studied the placement of the x-ray sources/panel based on the geometric specifications of the Varian 21EX Clinac. The best configuration minimizes the localization error while maintaining a large field of view and avoiding collisions with the floor/ceiling or couch.
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Introduction
Tumours located in the thoracic and abdominal regions may exhibit both inter-fractional and intra-fractional motion (Langen and Jones 2001 , Weiss et al 1972 , Suramo et al 1984 , Davies et al 1994 , Balter et al 1996 , Shimizu et al 1999 , Bryan et al 1984 , Ross et al 1990 , Ekberg et al 1998 . The latter is mainly attributable to patient respiration. The exact location of the tumour cannot, in general, be known a priori. This lack of knowledge complicates accurate delivery of radiation to the tumour. To provide sufficient tumour dose coverage, a large safety margin is generally applied during the treatment of moving tumours. To reduce healthy tissue morbidity, the prescribed dose is limited to ensure that they do not receive too much radiation.
The ongoing mission of the image-guided adaptive radiotherapy (IGAR) project at the Massachusetts General Hospital (MGH) is to investigate various imaging modalities (x-rays, infrared, ultrasound, etc) for tumour localization and then modify the treatment while the patient is on the therapy couch. The treatment modifications we are investigating include gated therapy and synchronized motion adaptive radiation therapy (SMART) (Neicu et al 2003) . SMART is a technology that seeks an optimal sequence of MLC leaf movements to compensate for tumour motion. These improvements could lead to tighter margins and elevated doses, increasing morbidity in the malignancy while maintaining healthier levels in the surrounding regions. They also allow the targeting of sites that might be otherwise inaccessible to photon radiation treatment due to the proximity of critical structures.
As one direction of the IGAR project, we are developing an image guidance system, the integrated radiotherapy imaging system (IRIS), consisting of two gantry-mounted diagnostic x-ray systems. Each source, located on either side of the linac head, is collimated to intersect a gantry-mounted flat-panel detector. As the entire system is mounted, it co-rotates with the gantry so the diagnostic beams maintain their positions relative to the therapy beam (and each other). The x-ray generators and flat panels will be controlled from outside the room and, for some functions, be integrated with the pulsing of the linac to limit the amount of MV noise during imaging. The main functions to be fulfilled by the IRIS system are patient set-up, cone-beam CT and real-time tumour/marker tracking. All of these functions are to be integrated with the therapy linac to provide fast and accurate positioning and treatment. The goal of the present study is to determine the optimal geometric configuration of the IRIS. Some considerations include the necessity of a pair of kV x-ray source/panel for realtime tumour/marker tracking and the position of each relative to other components and the isocentre.
The integration of a diagnostic x-ray system with a therapy linac is already on the cusp of commercial availability , Jaffray et al 2002 . These systems use a single x-ray source and imager mounted on the linac gantry such that the diagnostic and therapeutic beams are orthogonal to each other. A monoscopic system has certain advantages over a stereoscopic (two source/imager pairs) one not only because it is commercially imminent, but also because it is much simpler and therefore easier to produce, operate and maintain. The single source/imager configuration has already been shown to be effective for patient set-up and cone-beam CT (Jaffray et al 1999 (Jaffray et al , 2002 . The issue that needs to be addressed is whether such a system can also be as useful for real-time tumour/marker tracking. An affirmative finding would partially negate the impetus for a dual-imager system such as IRIS.
With the gantry at an arbitrary angle and the kV beam perpendicular to the MV beam, the target movement in the superior-inferior (S-I) and the 'along-therapy-beam' direction is projected onto the imager, while information in the 'cross-therapy-beam' direction is lost. If a tumour only moves in the S-I direction then this single imager system would be adequate for real-time tumour/marker tracking. We know, however, that this is not the case (Seppenwoolde et al 2002) . There can be significant motion in directions perpendicular to a patient's cranial-caudal axis during normal patient breathing. This revelation threatens to jeopardize the utility of a monoscopic system for real-time tumour/marker tracking.
However, the lack of information in the cross-therapy-beam direction could be overcome if the target trajectory repeated itself consistently and were known before treatment. For example, if one were to use an orthogonal fluoroscopic x-ray system on a simulator, the patient-specific four-dimensional target trajectory could be found prior to treatment. Regular target movement, such that the lateral coordinate could be deduced by knowing the other two coordinates, would enable one to circumvent the loss of information in the two-dimensional projection. A monoscopic system could then be used for tumour/marker tracking with sufficient accuracy if the tumour motion is relatively regular and repeating. The issue raised here of tumour trajectory regularity is not trivial and can only be answered with careful study of real patient data.
In the current work, the feasibility of using one source-panel system for realtime tumour/marker tracking was investigated using measured tumour trajectory data (Seppenwoolde et al 2002) . We also studied the optimal geometric configuration of a dualimager system. We define an error propagation parameter and seek to minimize it based on the geometric configuration of the system. At the same time, we try to maintain a large enough field of view to allow us to image the full range of tumour motion plus helpful bony landmarks.
Methods and materials

Monoscopic imaging system
We conducted a theoretical study of tumour tracking with machine parameters suggested by a commercial one-panel system. We simulated a diagnostic kilovolt x-ray source and flat-panel detector mounted, opposite each other, on a linac gantry with the kV and MV beams orthogonal to each other, see figure 1. The flat-panel detector assumed in this simulation is the same as the one used in the stereoscopic simulation (described in section 2.2). The entire system rotates with the gantry but remains at the same position relative to the therapy linac. For this study, the distance from the x-ray source focus to the gantry's axis of rotation (FAD) is 100 cm and the distance from the source to the detector panel (FDD) is 155 cm. Three-dimensional tumour trajectory data from seven patients over 2-5 fractions with peak-to-peak excursions greater than 1 cm was used in this theoretical study (Seppenwoolde et al 2002) . The tumours, located in the patients' lungs, ranged in size from 2-25 cm 3 . Due to the difficulty in contrasting soft-tissue with kilovolt x-rays, radio-opaque markers, implanted near the tumour volume, define the targets.
A portion of the first fraction for each patient is used as a training period during which the 3D marker trajectory is modelled. For the seven patients, the training period ranges from 75-134 s with the data collected at 33 ms intervals (2250-4020 data points). Having 4D information for several breathing cycles prior to treatment represents the best-case scenario, which is not currently available in most clinics. Each 3D data point is projected onto a 2D plane (representing the flat-panel detector) and given a value, α, based on the data point's location on the ray connecting the x-ray source and the projected point on the imaging panel. At the source, α = 0, and at the panel, α = 1. Every data point can then be expressed as a two-dimensional pixel position on the imager and an α value. Conversely, 3D marker location can be reconstructed based on the pixel position and its corresponding α value. The α-maps for various gantry angles derived in the training session can, therefore, be used to derive the tumour/marker position during the treatment sessions.
A close-up of a rough α-map is shown in figure 2(a). For this plot, each pixel on the imager has been assigned an α value based on the average of all the data points projected onto it. The colours correspond to values of α, as shown. In this figure, pixels without any data points have been set equal to α min for better contrast among the filled ones. Due to the unfilled pixels, this map cannot be used as is to reconstruct tumour/marker 3D position. Excursions into these pixels are possible during future sessions so the corresponding 3D coordinate should be derivable by interpolation or extrapolation from known points. A complete α-map will ensure total coverage of the tumour motion.
A method for deriving precise and complete α-maps was developed based on a weighted interpolation/extrapolation algorithm. First, all 3D marker positions obtained during the training are directly projected on the imager plane. Then, for each pixel in the imager plane, its α value is found by linearly best fitting all the projected data points (i = 1, . . . , N). (This figure is in colour only in the electronic version) each pixel, j, the following cost function is minimized,
where
is calculated for every projected data point, i, and α i m is the measured value at that point. One should note that the contribution of each data point, i, is a function of its nearness to pixel j based on a Gaussian weighting factor: This procedure is essentially the fitting of planes in a region of interest based on the proximity of real data points. A derived α-map is shown in figure 2(b). In this study, the extrapolation is only done within a 1 cm margin around the collection of prior knowledge points. The localization of tumour/markers during the treatment sessions using a one-panel imaging system was then simulated using the remaining measured 3D marker position data for each patient. At a given gantry angle, each 3D data point was projected onto the imager. The marker position was then reconstructed based on the pixel coordinates and the corresponding α value. The reconstructed position was compared with the measured position to study the magnitude of the localization error when using a one-panel system. If we ignore the slight angular divergence, the difference between predicted and actual α is the error in marker localization in the MV beam's-eye-view.
Stereoscopic imaging system
The dual panel design incorporates two sets of x-ray tubes and flat-panel detectors mounted on the linac gantry (see figure 3) . With two sources/panels, offering a stereoscopic view, 3D information about the object being imaged should be available. Of course, the quality of this information will depend on many variables, including the geometry of the system. The optimal configuration of a dual-headed, gantry-mounted kilovolt x-ray system is explored in this section.
The x-ray tubes are mounted on the gantry, such as the panels, so they co-rotate. The tubes are aligned on either side of the gantry head such that the central beam axes of all three define a plane that is normal to the axis of rotation of the gantry. The kV sources and their corresponding flat-panel imagers should be placed symmetrically with respect to the MV beam in order to more easily balance the gantry.
The detectors used in the following simulation are based on Varian's Paxscan 4030A model. This is an amorphous-silicon flat-panel detector with an active area measuring 39.7 cm × 29.8 cm with a pixel pitch of 194 µm 2 and a fill factor of 70%. The pixel size will have some effect on our image quality and target localization capability. When acquiring images at 30 frames per second (the maximum rate for these panels), binning of the pixels is required, giving an effective pixel pitch of 388 µm 2 . A sensitivity analysis was done in which the localization error relative to the inherent tracking error associated with the panels (due to noise, pixel size, quantum efficiency and other , b) , relative to the isocentre, has its image projected onto the detector, a distance, m, from the central axis. The FAD is the focus to axis distance and the FDD is the focus to detector distance. intrinsic sources) was calculated for various configurations. Two perspectives are studied: the beam's-eye-view ( x) and the total imaged radius r = √ x 2 + z 2 . Correct target localization in the beam's-eye-view is crucial for tracking while the minimization of relative error in the imaged radius is necessary for proper patient set-up.
The simplest case is to consider a single x-ray source and panel configuration with an object placed in the beam at some arbitrary position in the x-z plane, (x = a, z = b), see figure 4 . The projection on the detector is a distance m from the central axis. By using the geometric law of similar triangles, the following relationship can be derived,
where m is the distance on the panel from the kV beam's central axis to the projected point, FAD is the distance from the focus of the source to the axis of rotation of the gantry and FDD is the shortest distance from the focus of the source to the detector. For the case of two sources/panels, each at the symmetric arbitrary angles, φ and −φ, with respect to the x-axis, equation (3) applies to each pair, respectively. The rotation is symmetric because of linac balancing issues. To simplify the math, each x-ray system's frame of reference is defined such that the central beam of the source is along the x-axis, such as in figure 3 . In other words, the position of the object is (x, z) in the room coordinates and (x , z ) and (x , z ) in each source/imager pair's reference frame, respectively. The coordinate position of the object can be transformed according to the rotation matrices:
and
The values m 1 and m 2 , the projected distances on the two panels, respectively, can be derived from the object's position in the room coordinates, (x, z), and the angle that each source/panel pair makes with the x-axis. With the gantry at 0 • (IEC), equations (4) and (5), above, transform the equation (3) from each source/imager pair's reference frame into the room coordinates:
Solving for x and z, we get these equations
The quantities x and z (and, therefore, r) can be found by the propagation of errors:
The panels are identical so their measurement errors will be roughly equivalent, m 1 = m 2 . Therefore, the error propagation factor can be assessed:
We wish to minimize the quantities x/ m and r/ m when designing our IRIS configuration for optimal tracking and set-up, respectively.
Results
Monoscopic imaging system
The histogram of the tracking error for patient 2, with the imaging angle at 0 • (A-P), is shown in figure 5. For this patient and angle, the mean of the error distribution is 2.4 mm and the 95% range is 4.3 mm. This range is defined as the distance within which 95% of the data points lie. The mean error, as well as the 95% and 99% ranges, is calculated for seven patients at 36 evenly spaced gantry angles. The first of these is displayed in figure 6 for all the patients as a function of imaging angle. In general, the error is lowest near 90
• and 270
• (A-P and P-A) corresponding to smaller tumour/marker movement in the lateral direction compared to anterior-posterior. In table 1, results are presented for the mean as well as the 95% and 99% ranges of the localization error for each patient, averaged over all imaging angles. The mean localization errors vary from 0.9-7.5 mm, and the spread in the 95% and 99% ranges are 1.9-35.9 mm and 2.2-42.7 mm, respectively. For some patients, there are data points that are not used because they do not fall within the 1 cm margin on the imager plane. The percentage of data points that are excluded is (averaged over 36 gantry angles) 2.7%, 2.1%, 0.2%, 3.3%, 0%, 1.5% and 17% for patients 1-7, respectively.
Stereoscopic imaging system
Unfixed parameters for which we wish to find optimal values include the opening angle between the two kV x-ray beams and the distances from the x-ray source to the therapy beam isocentre and to the flat-panel detector (FAD and FDD, respectively) . The 'opening angle' is As a large field of view is critical to perform the three main functions of the IRIS, a focus to detector distance is chosen to maximize this parameter. 7 (17.5) defined to be the angle between the two kV central beams. It is related to the angle α, used in the previous section, byβ = 180 o − 2φ. In figure 7 (a), the localization sensitivity versus the opening angle is shown. Instead of x/ m, r/ m r = √ x 2 + z 2 is plotted to show that even if values of β below 90
• were not geometrically excluded by the presence of the gantry head, they would still be undesirable. It is can be seen that the error propagation is not very sensitive to the angle between two imaging beam central axes as long as it is in the neighbourhood of 90
• . However, an opening angle of 90
• is desirable if we want to have the capability to acquire simultaneous orthogonal radiographs for fast patient set-up.
The FAD and FDD are both bounded in one direction by the floor or the ceiling (whichever is closest) and in the other by the treatment couch. The localization sensitivity curves and selected values are shown in figures 7(b) and (c). The FAD is chosen to be 100 cm. This minimizes the localization sensitivity while keeping the x-ray sources out of harm's way. The FDD, based on FAD = 100 cm is actually not selected by considering the localization sensitivity. The reason for this lies in the need for a large field of view. The relationship between FDD and field of view can be seen in figure 7(d) . With the FDD at its minimum possible location, 155 cm, the field of view at the treatment isocentre is 25.9 cm × 19.4 cm. An assessment of the field of view and its impact on the ability of IRIS to perform the previously stated three main functions is presented in the following section.
Discussion and conclusions
The feasibility of target tracking with a single imager was studied using measured fourdimensional patient data. The difference between the predicted and measured positions of the target in the beam's-eye-view is considered the localization error and indicates the accuracy of real-time tumour/marker tracking with only one-panel imaging system. For all patients, there is at least one angle for which the error is minimized, but the treatment planning should not be burdened by this extra restriction if an alternative solution can be found. The imaging should be a slave to the treatment position, not vice versa. The mean localization errors are, therefore, averaged over 36 evenly spaced gantry angles (0
• -350 • ) in table 1. The seven patients can be distributed into three groups based on the results. One of the patients (5) has an average motion error smaller than 1 mm, four of the patients (1, 2, 3 and 6) have average motion errors between 1.5 mm and 2.2 mm and two patients (4 and 7) have average motion errors greater than 3.4 mm. In the 95% range calculation, the first group is within 2 mm, the second group is between 2.8 mm and 7.2 mm, and the third (patients 4 and 7) can be considerably greater than 7 mm.
Each group may be assessed separately. It is clear that the first group represents patients whose tumours exhibit well-behaved motion. Tumours belonging to this group could probably be reliably tracked with our algorithm. For the second group, with discrepancies between 1.5 mm and 2.2 mm, it is arguable whether monoscopic tracking provides any real benefit. Members of the third group have localization errors that prohibit tracking with our algorithm. It is apparent that, for these two patients, the transverse coordinate cannot be safely reproduced based on the other two coordinates, even in conjunction with the prior knowledge map. For any given patient, however, the group to which they belong is not determined a priori. There exists a probability (roughly 28%, among our seven patients) that the patient belongs to the third group and therefore would be unsuitable for monoscopic tracking. This risk of poor localization hinders the use of a monoscopic system for reliable tumour/marker tracking.
A stereoscopic system, although not commercially available, does not have the same problem of localization ambiguity and is, therefore, suitable for all patients, regardless of the regularity of their tumour motion. Auxiliary technologies or more complicated techniques that may be proposed in the future, could potentially improve the tracking capability of a single imager system. However, as these ideas deserve their own comprehensive studies, and in some cases, cannot be prognosticated, they are not covered in this paper.
Design parameters for a dual-headed, gantry-mounted diagnostic system have been presented. The orthogonal nature of the diagnostic images will enable the user to perform robust three-dimensional target localization with no ambiguous coordinates. The high acquisition rate and relatively small pixel pitch of the amorphous-silicon flat panels will facilitate four-dimensional real-time tumour/marker tracking. Positions of the x-ray sources and imagers relative to the gantry have been chosen based on the error in the beam's-eye-view and the size of the field of view at the isocentre. With an FAD of 100 cm and an FDD of 155 cm, the field of view is 25.9 cm × 19.4 cm. The panel orientation will be adjustable so that portrait images can be taken for patient set-up (as is traditionally done), and landscape images can be used for target tracking. Target motion should never exceed the smaller dimension of the field size in either orientation. Partial anatomical coverage may occur for some patients but there will certainly be enough bony structures adjacent to the target within the field of view to provide the appropriate landmarks. The field size should be ample for patient set-up and target tracking.
To accommodate larger coverage for the cone-beam CT function, the panels will be able to slide from their home position 13.2 cm along their long axes (while in landscape position), perpendicular to their respective central axes. Asymmetric collimation of the diagnostic beams allows the coverage to follow the panels so that the patient will not be needlessly irradiated. This shift allows a total cylindrical volume of radius, 21.4 cm to be imaged as the gantry rotates. The integration of both kV beams in cone-beam CT would allow the scan to be done in half the time.
Unlike any other machine currently being used, the three main functions will be integrated with the linac: patient set-up, cone-beam computed tomography and real-time tumour/marker tracking. For this reason, it is called an integrated radiotherapy imaging system (IRIS). The three functions of the IRIS will significantly improve inter-fractional and intra-fractional tumour localization. As a result, treatment margins may be lessened and dose escalated to provide higher rates of local control while decreasing the amount of radiation delivered to nearby healthy tissues and structures. The IRIS project will provide a promising platform from which to advance the field of image-guided radiotherapy.
